To explore the molecular mechanism of chromatin remodeling involved in the regulation of transcriptional activation of specific genes by a myogenic regulatory factor Myogenin, we used NIH3T3 fibroblasts with a stably integrated H1.1-GFP fusion protein to monitor histone H1 movement directly by fluorescence recovery after photobleaching (FRAP) in living cells. The observation from FRAP experiments with myogenin transfected fibroblasts showed that the exchange rate of histone H1 in chromatin was obviously increased, indicating that forced expression of exogenous Myogenin can induce chromatin remodeling. The hyperacetylation of histones H3 and H4 from myogenin transfected fibroblasts was detected by triton-acidurea (TAU)/SDS (2-D) electrophoresis and Western blot with specific antibodies against acetylated N-termini of histones H3 and H4. RT-PCR analysis indicated that the nAChR a-subunit gene was expressed in the transfected fibroblasts. These results suggest that the expression of exogenous Myogenin can induce chromatin remodeling and activate the transcription of Myogenin-targeted gene in non-muscle cells.
INTRODUCTION
Most eukaryotic DNA, including transcriptionally active and inactive genes, is assembled into beadlike structures termed nucleosomes, which are folded into higher-order chromatin fibres [1] , [2] . The linker histone H1 is generally viewed as a repressor of transcription as it prevents the access of transcription factors and chromatin remodeling complexes to DNA [3] , [4] . Zhao and his colleagues visualized the structure of the nucleosome core particle of chromatin in chicken erythrocytes by using atomic force microscopy [5] . The physical properties of nucleosomes depend on solution condition such as ionic strength and divalent-ion concentration as well as on histone-modification state. The nucleosomes lacking histone H1 and H5 are mobile in physiological condition [6] . Increased acetylation of core histones (H2A H2B, H3 and H4 octamer) is a hallmark of transcriptionally active chromatin. Alternatively, the active chromatin is relatively depleted in histone H1 and enriched in acetylated core histones [7] , [8] . A point of view considers that the acetylation of the amino termini of histones can decrease the positive electric charge on the surface of nucleosomes and weaken the interaction of histones and DNA. Thus, the nucleosomes can hardly form the higher order structure. On the contrary, the systematic and compact chromatin structure can affect the recognition of specific DNA sequences by transcriptional regulatory factors, thus stop or weaken their regulatory effects. Most recently, Misteli and his colleagues established the fluorescence recovery after photobleaching (FRAP) technique and observed that the residence time of the histone H1 on chromatin of living cells treated by TSA (Trichostatin A, his-tone deacetylase inhibitor) was shortened from 220-250s to 100-150s, suggesting a higher rate of chromatin remodeling [9] .
Myogenin is a member of myogenic regulatory factors (MRFs), which possess the ability to activate the muscle differentiation program in non-myogenic cells, and functions as a trans-activator of musclespecific genes, such as nAChR [10] [11] [12] and muscle creatine kinase [13] , [14] . Whether the transcription activation of Myogenin-targeted genes is directly associated with the acetylation modification of histones and the mechanism for remodeling chromatin is still unknown. In this study, Myogenin cDNA was transfected into NIH3T3 fibroblasts and we observed that the acetylated modification degree of histones H3 and H4 was enhanced dramatically and the exchange frequency of histone H1 on chromatin increased significantly. These changes were associated with the transcriptional activation of nAChRasubunit gene, one of Myogenin target gene.
MATERIALS AND METHODS

Vectors and chemicals
The H l.l-GFP fusion protein expression vector was the generous gift by Dr. Misteli, Hochest33342 was bought from Beijing Jing Ke Company, the pEMSV-Myogenin fusion protein expression vector and NIH3T3 cell lines were kept in our laboratory.
Cell culture and transfection
NIH3T3 cell culture and transfection were performed as described previously [11] , pEMSV vector lacking Myogenin cDNA was used as the control.
Screening of the stable cell lines NIH3T3 cells were cultured to 70-90% confluence and H l.l-GFP plasmids were transfected with the calcium phosphate coprecipitation technique, then shocked by glycerol for 2.5 min, switched to DMEM medium with 10% calf serum for 48h. After that, stable cell lines expressing H1.1-GFP fusion proteins were generated from NIH3T3 fibroblasts by using 600 g/ml G-418.
Hoechst 33342 loading of NIH3T3 cells
The NIH3T3-Hl.l-GFP stable cell line was cultured with DMEM growth medium without phenol red (Hyclone) and then transfected with pEMSV-Myogenin fusion protein expression vector. Thirty minutes before loading, the growth culture medium was renewed. Then Hoechst 33342 was added at the final concentration of 500 ng/ml, incubated for l hr at 37 , and washed twice with PBS solution. After that, the growth medium without phenol red was added again, incubated for 30 min at 37 and observed with a laser confocal microscope.
Fluorescence recovery after photobleaching (FRAP)
The type of confocal microscope is Leica TCS-CP and the test was carried out using 488-nm laser line of an argon laser (20 mW nominal output, beam width at specimen 0.2 μm, detection 500-575 nm) [9] , [15] , [16] . The selected heterochromatin regions of nuclei were photobleached by a single bleach pulse of 8s and then images were acquired, SAAM software was used to calculate the intensity and duration of fluorescence recovery. Single section images were then collected at 5s intervals (5 images), followed by 1s intervals (15 images) and then by 10s intervals (10 images).
The standard Student s t-test was used to determine the statistical significance of results. All quantitative values represent averages from at least 8 nuclei from 3 independent experiments. All experiments were done at 37 .
Protein extraction and Western blot analysis
Immunoblotting for nucleic proteins (including histones) were carried out as described [17] . In brief, 60 g of total protein extracted from NIH3T3 cells or transfected cells were separated by SDS-PAGE, transferred onto nitrocellulose membrane and probed with primary rabbit polyclonal antibodies of anti-acetylated histone H3 and anti-acetylated histone H4 (Upstate Biotechnology, NY). The secondary antibody was goat anti rabbit Ig-HRP (Zhongshan Co. China).
For 2-D gel electrophoresis, the nucleus isolation and histone extraction were performed as slightly modified [18] . All manipulations were performed without delay, with samples kept at 4 .
2-D gel electrophoresis and Western blot analysis
Histones (60 g) were electrophoresed on 2-D gels as described by Davie [21] with a slight modification. Triton urea-acetic acid slab gels (8.0×10.0×1.0 cm) were as the first direction and 15% SDS-PAGE slab gels (8.0×10.0×1.5 cm) as the second direction. Antiacetylated H3 and antiacetylated H4 antibodies were used to detect acetylated species of H3 and H4.
RT-PCR
The total RNA was extracted from cultured cells by Trizol reagent. RT-PCR was performed according to the reagent kit instruction (Gibco). The forward primer for amplifying 541bp fragment of nAChRa-subunit transcript was 5 -AACCAGATCATGGAAACCAAC-3' and the downstream primer was 5'-GGTGTAGAACAGCGGCAGGCG-3'. The reaction conditions of PCR were as follows: 94 , 30s; 52 , 30s; 72 , 45s; 30 cycles. The internal control was β-actin cDNA (275bp), the upstream primer was 5'-CAGGAGATGCGCACCACTGCCGCA-3', and the downstream primer was 5'-TCCTTCTGCA TCCTGTCAGCA-3'. Five ml of PCR products were identified with 1% agarose gel electrophoresis. The NIH3T3-Hl.l-GFP stable cell line was generated by transfection with Hl.l-GFP fusion protein expression vector and G418 selection (see Methods). a, Localization of chromatin stained with Hoechst 33342. Hoechst 33342 was added (500 ng / ml), then chromatin UV localization image was analyzed by laser confocal microscope. b, Distribution of histone H1.1-GFP. After Hoechst 33342 loading and UV analysis, the cells were washed twice with PBS solution, and cultured in the growth medium without phenol red for 30 min at 37 . The distribution of H1.1-GFP fusion protein was observed with confocal microscope. The red arrows indicate colocalization of stable expressed H1.1-GFP with Hoechst 33342 in nuclear foci.
RESULTS
Expression and distribution of H1.1-GFP
The NIH3T3-H1.1-GFP cell lines expressed H1. 1-GFP fusion proteins stably and continuously, and the proteins were distributed within nuclei (Fig 1) . The chromatin UV localization images after Hoechst 33342 loading were consistent with the expression distribution of H1.1-GFP fusion protein analyzed by laser confocal microscope, indicating that the movement of H1.1-GFP can represent the changes of chromatin.
Eexchange rate of histone H1 .1-GFP in chromatin
In this study we applied the FRAP technique to probe the dynamic properties of histone H1.1-GFP in chromatin of living cells. After photobleaching an area in the nucleus of a cell expressing H1.1-GFP, the recovery of fluorescence signal in the bleaching area was recorded by time-lapse imaging (Fig 2) . The recovery level in normal cells (without transfection) was more than 90% of the basal level. During independent experiments, eight nuclei were selected randomly. Fluorescence intensity and recovery time were analyzed and recorded as mentioned in methods. As shown in Fig 3 and Tab l, the recovery time after photobleaching of nuclei of myogenin transfected cells was shortened from 167s to 46.8s. The highest recovery intensity for transfected nuclei was 23.4%, while the control was 18%. The mean time for 50% recovery of fluorescence in control cells was 1.5-fold longer than that in transfected cells. Conversely, within half time, the average recovery intensity of fluorescence was 16.0% in control cells, whereas, up to 20% in transfected cells (Tab l). FRAP experiments after bleaching of a nucleoplasmic area transfected with myogenin expression vector or empty vector (control) were performed as the same as Fig 3. The 50% recovery time (t 1/2 ) and the per cent recovery intensity for t 1/2 were obtained from the curves. The statistical significance of the difference in half recovery time (t 1/2 ) and the per cent recovery intensity for t1/2 relative to control was determined by the Student s t-test. n=24 (8 nuclei/experiment×3). These results strongly demonstrate that exogenous Myogenin expression in fibroblasts can accelerate the exchange rate of histone H1 on chromatin, hinting the existence of hyperacetylation.
Acetylation of histones H3 and H4
In order to prove that the change of exchange rate of H1 was associated with the acetylation state of core histones, Western blot was conducted with antibodies specific to acetylated histones H3 and H4 (Fig 4) . The results showed that the degree of acetylation of core histones H3 and H4 was gradually increased when exogenous Myogenin was expressed. 
Identification the degree of acetylation of core histones by 2-D/Western blot
To furthur identifying the change in acetylation of core hostones H3 and H4, histones were resolved on TAU-SDS (2-D) gels and immunoblotted by the antiacetylated H3 and h4 antibodies. Fig 5 showed that histones were enriched in hyperacetylated H3 and H4 isoforms at 72h posttransfection. 
Expression of nAChR subunit gene
In order to investigate whether the aceylation levels of histones and the changes of chromatin resulted from myogenin transfection affect the expression of the Myogenin-targeted genes, RT-PCR technique was employed to examine the expression level of nAChR a-subunit mRNA. The results shown in Fig 6 revealed that Myogenin did activate the transcription of nAChRa-subunit gene. 
DISCUSSION
In this study, we provide direct evidence indicating that the expression of exogenous Myogenin can stimulate chromatin remodeling near to the Myogenin-targeted gene. Firstly, the recovery time of H1-GFP after photobleaching of nuclei of myogenin transfected cells was shortened from 167s to 46.8s, indicating an increase in the exchange rate of linker protein H1 on chromatin. The increased exchange rate was a consequence of myogenin transfection, as empty vector transfection did not have such effect on the recovery rate. Secondly, enhanced exchange rate of H1 on chromatin was coupled to core histone hyperacetylation induced by exogenous Myogenin expression. This is in agreement with the notion that histone H1 mobility and core histone acetylation are implicated in changes in chromatin structure. Thirdly, the nAChR a-subunit gene, a muscle-specific gene expressed in muscle cells, but not in fibroblasts, was activated in fibroblasts transfected by myogenin. Our results strongly demonstrate that exogenous Myogenin expression can stimulate chromatin remodeling and muscle-specific gene expression in fibroblasts.
Misteli and his colleagues used the photobleaching technique to characterize the binding dynamics of the linker histone H1-GFP to unperturbed chromatin in vivo and found that at any given time, most H1-GFP molecules are bound to chromatin and continuously exchanged between chromatin regions [9] . Having characterized the dynamics of H1-GFP, they proposed the presence of two distinct kinetic pools in the nucleus: a large mobile pool, which represents the continuously exchanging molecules and is responsible for the fluorescence signal recovery; and a smaller, less mobile pool, which does not contribute to the recovery. This less mobile fraction is significantly larger by 2.5 folds in heterochromatin than in euchromatin. In this study, we determined the recovery kinectics of histone H1.1 in heterochromatic region, and found that the fluorescence recovery in myogenin transfected cells was obviously faster than the recovery time in control cells. Therefore, we conclude that the size of less mobile fraction of H1.1-GFP in heterochromatin was reduced when exogenous Myogenin expressed. It has been proposed that core histone acetylation [9] and H1 phosphorylation [15] may promote the displacement of histone H1.1 from chromatin. By Western and 2-D/Western assays, we found hyperacetylated histones H3 and H4 in myogenin transfected fibroblasts. These results suggest that the increase of H1 exchange rate is relative to core histone acetylation. This time, of cause, we can not exclude the possibility that H1 phosphorylation is induced by myogenin transfection and contributes to fluorescence recovery after photobleaching.
Berger and his colleagues have demonstrated that MyoD can remodel chromatin at binding sites in muscle gene enhancers and activate transcription at previously silent loci. MyoD and Myf-5 are 10-fold more efficient than Myogenin in activating genes in regions of transcriptionally silent chromatin [19] . These results established a mechanism for chromatin remodeling in the skeletal muscle lineage. However, they did not determine histone hyperacetylation and H1 exchange as such we did. In these experiments, we performed both issues and showed that exogenous Myogenin could stimulate the hyperacetylation of core histones and speed up the exchange rate of histone H1, manifesting that the chromatin is remodeling. Considering the fact that the endogenous myoD gene is not autoactivated in NIH3T3 cells transfected with MyoD expression vectors and the endogenous MyoD is not detected in NIH3T3 cells after transfection with myogenin [10] , [20] , we suppose that exogenous Myogenin may activate downstream target genes and remodel chromatin.
It has been demonstrated that specific transcriptional activation factors can recruit active molecules with acetylase activity [2] , which may explain why the acetylated degree of histones H3 and H4 increased (Fig 4) and different acetylated isoforms were observed (Fig 5) when exogenous Myogenin expressed. Inferred from stated above, the acetylation of core histones decondenses chromatin, then weakens the binding between H1 and core histones, thus the fluorescence recovery time after photobleaching was shortened. These lead us to conclude that Myogenin first enhances the acetylation degree of histones, and then changes the compact state of chromatin near the region of target gene promoters, and activates transcription of downstream genes.
